We have developed an approach for identifying overlapping cosmid clones by exploiting the high density of repetitive sequences in complex genomes. Individual clones are ringerprinted, using a combination of restriction enzyme digestions followed by hybridization with selected classes of repetitive sequences. This "repeat frgerprinting" technique allows small regions of clone overlap (10-20%) to be unambiguously assigned. We demonstrate the utility of this approach, using the frgerprinting of 3145 cosmid clones (1.25x coverage), containing one or more (GT). repeats, from human chromosome 16. A statistical analysis was used to link these clones into 460 contiguous sequences (contigs), averaging 106 kilobases (kb) in length and representing approximately 54% (48.7 Mb) of the euchromatic arms of this chromosome. These values are consistent with theoretical calculations and indicate that 150-to 200-kb contigs can be generated with 1.5x coverage. This strategy requires the ringerprinting of approximately one-fourth as many cosmids as random strategies requiring 50% minimum overlap for overlap detection. By "nucleating" at specific regions in the human genome, and exploiting the high density of interspersed sequences, this approach allows (i) the rapid generation of large (>100-kb) contigs in the early stages of contig mapping and (ii) the production of a contig map with useful landmarks for rapid integration of the genetic and physical maps.
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During the past several years, interest has increased in mapping the entire human genome (1) . This interest has been catalyzed by innovations in molecular biology and recombinant DNA techniques (2) (3) (4) (5) and the continuing search for efficient ways to isolate disease genes (6) and understand genome function (7, 8) . The pioneering physical mapping projects on Escherichia coli (9) (10) (11) , yeast (12) , and Caenorhabditis elegans (13) DNA demonstrated the feasibility of using these techniques on genomes of small to moderate complexity. The human genome is 30 times larger than the C. elegans genome (13) . However, individual human chromosomes have similar sequence complexities (5) and should present a similar challenge. While yeast artificial chromosomes (YACs) provide an efficient way to order large genomic regions (4) , emphasis has been placed on the construction of ordered cosmid clone physical maps. Unlike YACs, such maps provide easily accessible materials for determining the biology of genome organization and for obtaining the DNA sequence, the ultimate physical map (1) .
Early methods for obtaining ordered clone maps utilized a variety of strategies to identify overlaps between randomly isolated clones (10) (11) (12) (13) (14) (15) . In general, these approaches require a high degree of overlap between "fingerprints" to unambiguously determine linkage. As discussed by Lander and Waterman (16) , the requirement for a large value of minimum detectable fractional clone overlap, or 0, inevitably leads to slow progress in the generation of contiguous sequence (contig) maps and the production of maps with low connectivity (i.e., numerous small contigs). Recent approaches to derive more information from clone fingerprints, and hence reduce 6, have employed (i) a combination of restriction fragment fingerprinting with the acquisition of additional DNA sequence information (17) ; and (ii) the use of a "multiplex" hybridization strategy, in which pools of probes obtained from the ends of individual clones are hybridized to arrayed sets of clones (18) .
A potential problem for contig mapping of higher eukaryotic DNA is the high abundance of sequences present in multiple copies (19) . Twenty-five percent of the human genome consists of repetitive DNA (20) . Previous "lowresolution" maps of the distribution of these repetitive sequences indicated they contained sufficient information to aid contig mapping (20) . Rather than being an impediment to physical mapping, the distributions of the three most abundant sequences, Alu (21), Li (22) , and (GT)" (23, 24) , provide highly informative "tags" to fingerprint cloned genomic DNAs. We present a general strategy for contig fingerprinting using cosmid clones that reduces 9 to an experimentally acceptable value (0.10-0.20). Further, we do not randomly fingerprint clones, but "nucleate," or pre-select clones known to contain a given repetitive sequence. Using this approach, one rapidly generates large [>100-kilobase (kb)] contigs in the early stages of physical mapping that cover a significant portion of the target genome (>50%). Equally as important, and unlike all previous contig mapping strategies (10) (11) (12) (13) (14) (15) (16) (17) (18) , our approach generates contigs that (i) have known degrees of overlap of their constituent clones; (ii) can be reprobed with other sequences without further DNA isolation; and (iii) provide immediately accessible information on the distribution ofboth restriction enzyme sites and repetitive and nonrepetitive sequences in the mapped regions.
MATERIALS AND METHODS
In Situ Hybridization. Methods described previously were used (7, 20) .
Construction of a Chromosome-16-Specific Cosmid Library. (27) .
Abbreviation: YAC, yeast artificial chromosome.
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In vitro packaging and infection of E. coli host strain HB101 yielded 1.75 X 105 independent recombinants, giving a 67-fold statistical representation. Twenty-six thousand independent clones (a 10-fold representation) from the primary library were selected as individual colonies and archived in 96-well microtiter dishes. This archival system allows rapid access to clones found to be positive after hybridization to any probe. Isolation of Cosmid DNA and Automated Restriction Digestions. Cosmid DNA was isolated from 5-ml overnight cultures by a boiling procedure similar to that described by Holmes and Quigley (25) . Restriction enzyme digestions were performed in 96-well microtiter dishes with reagents added by a Beckman Biomek 1000 automated work station. The restriction buffer used in each of these digestions was 80 mM NaCI/100 mM TrisHCl, pH 7.5/5 mM MgCl2 containing acetylated bovine serum albumin at 100 Ag/ml. This buffer is compatible with both EcoRI and HindII1. Plates were covered with a Mylar sealer and incubated at 370C overnight in a humidified chamber.
Electrophoresis and Southern Blotting. The digested cosmid DNA samples were loaded onto 20 x 25 cm 0.6% agarose gels. For size markers, HindIII-and Eag I-digested A phage DNA plus Hae 111-digested 4X174 phage DNA were loaded in every seventh lane. Electrophoresis was in a horizontal apparatus (BRL model H1) for 40 hr at 27 V in 1x TA buffer (0.04 M Tris acetate). Southern blot transfers were performed as previously described (7).
Procedures for Constructing Hybridization Arrays of Bacterial Colonies on Membrane Filters. Cosmid clones were transferred from 96-well microtiter dishes onto beds of agarose with a stamping device containing 96 flat-bottomed prongs precisely matching the microtiter array. Imprints from 6 titer dishes (576 clones) were made on an agarose bed in a 22 x 22 cm plate. Two Grunstein-Hogness (28) colony lifts were made from each plate containing the arrayed bacterial colonies, using NEN GeneScreenPlus nylon hybridization membranes.
Probe Preparation and Hybridization. (GT)25, (AC)25, as well as consensus sequence oligodeoxynucleotides of Alu (20) , Li (22) , a-satellite (29), ,1-satellite (30) , and satellites I, II, and III (31) repetitive DNAs were synthesized on an Applied Biosystems 380B DNA synthesizer and labeled as described previously (7, 20, 29) . Hybridization and washing conditions were described previously (7, 32) .
Analysis of Negatives of Ethidium Bromide-Stained Gels and Autoradiograms. Polaroid negatives of ethidium bromidestained gels were scanned with a Biolmage Visage 110. The Whole Band Analysis software supplied by Biolmage was used to determine molecular weights of restriction enzyme fragments. Southern hybridizations were scored on a console screen. Fingerprint data were transferred electronically to the Laboratory Notebook (developed at Los Alamos) data base.
Fingerprint Analysis. The Bayes formula is used to calculate the probability of overlap for two clone inserts: P(overlaplS) = p(S and overlap)/p(S).
[1]
In Eq. 1, S equals {SE, SH, SEH}, a vector of three statistics, the components computed from both clones' EcoRI, HindIII, and double-digest fingerprints, since the latter are not independent. Eqs. 2 and 3 expand a quantity in Eq. 1, assuming both inserts have length L. p(S and overlap) = f dl p(Sloverlap l)p(overlap 1). [2] [3] Eq. 3 reflects the condition that clones accepted for fingerprinting contain at least one (GT), sequence, "GT nucleation," under the premise that these sequences are randomly placed with average spacing IGT. Since 'GT is 40 kb, the average L is 37 kb, and the euchromatic part of chromosome 16 is 8.5 x 107 bases, integrating p(overlap l) gives an a priori overlap probability of 1.1 x 10-3. Eqs. 1-3 suffice for the determination of insert overlap probabilities, given a suitable statistic S.
Each component S of S approximates the likelihood ratio of the data and overlap to the data and nonoverlap for one digest. The ratio is derived for a statistical model in reasonable agreement with the data. One begins with a matrix C with matrix elements:
In Eq. 4, l1i is the length of restriction fragment from the first clone, 12j is the length of restriction fragment j from the second clone, Ir is the average length between restriction sites, and E times the length of a fragment is the standard deviation of length measurement reproducibility; E equals 0.5%. Also, HGT and HRs are factors reflecting results of hybridization to GT repetitive sequence and Cotl repetitive sequence probes. These H are a function of A, the ratio of the average length ofcompared fragments to the average distance between occurrences ofthe corresponding hybridization site. [6] N1 and N2 are the number offragments ofthe two inserts. The primes on the summation signs in Eq. 6 indicate that no two indexes are equal. Programs TRUE and FALSE compute p(S) conditioned on overlap and nonoverlap. Contigs are assembled by linking all insert pairs with overlap probabilities greater than 0.9.
RESULTS
Rationale for Mapping Using Repeat Sequences. All eukaryotic genomes contain DNA sequences present in higher than expected abundance (19) . These repetitive DNA sequences can be tagged with synthesized oligomer consensus sequences. In any eukaryotic genome, certain classes of interspersed repetitive sequences will have an optimal abundance for targeting. For example, the sequence (GT)n, where n 20-25, is a ubiquitous component of eukaryotic genomes, occurring once on average every 50-100 kb (20, 23, 24 16 (approximately 95 Mb in length). For cosmid clones obtained from this chromosome, a 20-cm agarose gel is capable, at a minimum, of resolving 100 distinct restriction fragments with sizes between 0.5 and 25 kb. If a single (GT)" site is present on a given clone, then three separate restriction enzyme digests, with enzymes recognizing 6 bp, followed by Southern blot analysis for the presence or absence of (GT)" sequences, yields 1 of potentially 100 x 100 x 100 or 106 different GT-positive restriction patterns. Two cosmid clones from a chromosome-specific recombinant DNA library with the same pattern ofGT hybridization have an extremely high probability of overlap, even ifthey share only the GT-positive region (Fig.  1) . Detailed algorithms were derived to estimate this probability, as outlined in Materials and Methods.
Sequential hybridization of restriction digests of individual chromosome-speciflic cosmid clones with GT, Alu (20) , and Li (22) consensus oligomers yields a unique fingerprint, with the minimum detectable overlap, 9, being 0.10-0.20. This range of will significantly accelerate the construction of large (>100-kb) contigs in the early stages of physical mapping, in comparison to strategies requiring values of 0.5 (16) . To further accelerate mapping, a nonrandom strategy can be employed. Since the goal of all long-range mapping projects is to obtain high connectivity of the entire region of interest, the starting point is irrelevant. Therefore, preselecting clones which contain a given repetitive sequence "nucleates" mapping at these sites, guaranteeing that the minimum will be obtained. Further, the rate and length of initial contig generation are accelerated, proportional to the extent of clustering of the original nucleation sites. For example, preselecting (GT)"-containing clones nucleates mapping at 1500-2500 sites on chromosome 16 (20) . euchromatic arms of all human chromosomes (Fig. 2) 26 ,000 clones that were arrayed and archived in microtiter dishes were replicated onto nylon hybridization membranes (576 clones per membrane). Clones containing GT repeats, centromeric satellite repeats, and mouse DNA inserts were identified. Mouse inserts result from small amounts (approximately 7%) of contaminating mouse chromosomes during flow sorting. Following hybridization with a set of pooled consensus oligomers for five human centromeric tandem repeats [a-satellite (29), 3-satellite (30) , and satellites I, II, and III (31)], it was determined that approximately 4.5% of the clones were composed of satellite DNA. Clones containing tandem repeats were catalogued for future analysis, as constructing ordered clone maps from the centromeric regions of human chromosomes is not necessary at present.
All 13 grids, containing 7500 clones, were hybridized to labeled GT sequence probes. Forty-one percent of the clones were GT positive in this colony assay, and clones that were negative for mouse insert or satellite DNA inserts were used in our approach to ordered clone mapping. Analysis ofa small fraction of GT-negative clones indicated that approximately 62% of all cosmid clones contain at least one GT repeat, and some of these are missed by colony screening. This number is consistent with the estimate that 1500-2500 (GT)n sites are present on chromosome 16 (20) .
Progress in Large-Scale Mapping Using the Repetitive Sequence Fingerprinting Approach. Fingerprint analysis was performed on a total of 3145 cosmid clones. Of these clones, 2692 were GT-positive. Among the GT-negative clones fingerprinted, 57 were preselected on the basis of being positive for the 5' region of the Li repeat. Fig. 3 shows a representative gel. Single digestions with EcoRI and HindIII, as well as an EcoRI/HindIII double digestion, were conducted These predictions are generated by equations derived from ref. 16 . Contigs generated by repeat fingerprinting and GT nucleation are substantially larger than theoretically predicted for random strategies, including those detecting minimal overlap. Note that equations from ref. 16 pertain to islands (contigs and singletons) and further derivations were necessary to apply these equations to contigs.
for each clone. Southern blot analysis was conducted by using standard procedures (7) . The molecular weight of each restriction fragment was determined and data were analyzed by computational algorithms described in Materials and Methods. Fifty-four percent of the clones contained a single GT-positive restriction fragment (Fig. 3B) , while 30%, 11%, 4%, and 1% contained 2, 3, 4, and 5 or more GT-positive fragments, respectively. This observed distribution is consistent with a random distribution of (GT)n sequences along chromosome arms (Fig. 2) . In this initial analysis, fragments containing Cotl hybridizing sequences (predominantly Alu, L1, and GT repeats) were also determined (Fig. 3C) . Experiments using Alu or Li consensus oligomers rather than Cotl DNA have yielded equally informative fingerprinting information (data not shown). A total of 2823 pairs of overlapping clones emerged from this analysis. Using a second algorithm, we assembled these 2823 overlapping cosmid clones into 460 contigs. The mean overlap between cosmids was 43% and the minimum overlap detected was 10%. The increase in contig size with the number of clones fingerprinted is plotted in Fig.  4 . A typical large contig containing 23 overlapping clones spanning 240 kb is shown in Fig. 5 (12) with oligomer probes targeting abundant interspersed repetitive sequences (20) , a "fingerprint" is obtained with sufficient information content to unambiguously link two cosmid-sized clones obtained from a chromosome-specific DNA library (Fig. 1) . This approach expands on previous pioneering work to exploit repetitive sequences for genetic mapping (33) . The technique is generally applicable to any genome, simply requiring a minimum knowledge of the overall distribution of repetitive sequences in the target genome (20) . A similar approach based on hybridization ofAlu and Li repeats has been implemented for fingerprinting human YACs (34) .
The utility of this repeat fingerprinting procedure has been demonstrated by analyzing 3145 cosmid clones from chromosome 16; 460 contigs were obtained, averaging 106 kb in length and representing 54% of the nonsatellite regions of this chromosome (Figs. 2, 4 , and 5). A modest extrapolation reveals that contigs 150-200 kb in length can be generated by using this method with only 1.5x coverage of the euchromatic arms. To obtain comparably large contigs from a random strategy requiring 50% overlap for detection would require 4 times the number of fingerprinted cosmids (Fig. 4) . Fingerprinting 4000 vs. 16,000 clones is a substantial reduction in effort. The larger size of the contigs generated by this approach is an effect of nucleation and a reduced 6, and it may indicate clustering of some (GT)n sites.
The ability to rapidly generate "YAC-sized" (4) contigs directly from cosmid clones (Figs. 4 and 5 ) allows immediate access to large regions of the human genome. Such contigs provide the materials to immediately generate information on human genome organization and accelerate the isolation of disease genes. They provide the materials to continue contig growth and ordering, using a variety of techniques (4), including "renucleation" at other repetitive DNA sites. Once the initial contigs are constructed, many of these activities can be done distributively, either by direct distribution ofgrided filter arrays (5) or through the use of a sequenced tagged site (STS) language (35) . The ability to generate 100-to 200-kb contigs, encompassing half of a chromosome (Figs. 4 and 5) , coupled with pulsed-field mapping of "gap" size (2, 3), provides the materials for the immediate development of STS markers with a spacing of 100 kb on chromosome 16. The highly polymorphic (GT)n sequences (24) used to generate these contigs are of sufficient density to generate a high-resolution (<1 centimorgan) genetic map, allowing direct integration between the genetic and physical maps of human chromosomes.
